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ABSTRACT OF THE DISSERTATION
SIK3 and WNK converge on Fray to regulate glial K+ buffering and seizure susceptibility
in Drosophila Melanogaster
by
Lorenzo Lones
Doctor of Philosophy in Biology and Biomedical Sciences
Neurosciences
Washington University in St. Louis, 2022
Professor Aaron DiAntonio, Chair

K+ homeostasis is important for maintaining healthy, physiological levels of neuronal
activity. Glial cells play a central role in maintaining homeostatic ion gradients. In previous work
from our lab, we unravel a glial K+ buffering program that is centered on a key kinase, saltinducible kinase 3 (SIK3). SIK3-HDAC4 signaling in glial regulates the transcription of channels
and transporters involved in water and ion transport. Defects in this pathway lead to peripheral
nerve edema, neuronal hyperactivity, and seizure sensitivity. In an hyperexcitability mutant,
eag Shaker, we show this pathway is downregulated and genetic activation suppresses seizure
behavior. In this thesis, I describe two signaling pathways, SIK3 and Wnk, that converge onto
Fray to regulate glial K+ buffering. Bypassing SIK3 and Wnk regulation, I show that a
constitutively active Fray is sufficient to suppress seizure phenotypes in three molecularly
v

distinct models of hyperexcitability. Additionally, I identify cortex glia as a critical glial subtype
for seizure behavior. Taken together, this work highlights the therapeutic potential of
enhancing K+ buffering to treat diseases of hyperexcitability.
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Chapter 1: Introduction
Epilepsy is a devastating neurological condition that affects 65 million people worldwide
and 1% of the US population. Epilepsy is characterized by neuronal hyperexcitability and
recurrent seizures that have devastating cognitive, psychological, and social consequences.
Antiepileptic drugs (AED’s) are the most common and effective strategies for treating epilepsy.
Many of these medications aim to reduce neuronal hyperexcitability by targeting the ion
channels expressed on neurons that govern neuronal excitability. While AEDs are effective, ion
channels are ubiquitously expressed in other tissues throughout the body such as the heart,
muscles, and the kidney. (Kanner & Bicchi, 2022). In addition to adverse side effects, 1/3 of
epilepsy patients will be diagnosed with drug-resistant epilepsy, a term used to describe
patients who fail to become seizure free after two adequate trials of AED’s (Kwan & Brodie,
2000). This highlights a dire need to understand the molecular mechanisms underlying epilepsy.
One of the defining hallmarks of epilepsy are recurrent seizures induced by neuronal
hyperexcitability. As such, one of the strategies of developing effective treatments requires a
deep understanding of how neuronal excitability is regulated. Neuronal excitability is governed
by the complex ion dynamics throughout the nervous system. The flux of ions across neuronal
membranes are the basis of neuronal excitability. The concentration of extracellular K+ has
important implications in establishing the excitability state of the nervous system. Changes in
extracellular K+ leads to changes in the reversal potential of K+, resulting in membrane
depolarization. Glial cells express a suite of transporters that help prevent the extracellular
1

accumulation of K+ (Song et al., 2020). One of the long-standing questions in the field is
whether we can leverage what we know about glial K+ buffering to offset neuronal
hyperexcitability. This question has been challenging because we know very little about how
glial cells regulate the expression and activity of the various transporters used to maintain
proper ion gradients. My work using Drosophila Melanogaster addresses this question by
illuminating two pathways that share a common downstream target that regulates glia K +
buffering. and seizure susceptibility. I show manipulation of these pathways in glia can suppress
phenotypes associated with neuronal hyperexcitability.
In this thesis, I present a project that examines how glial cells regulate K + buffering and
how this has important implications for seizure susceptibility. Centering on a kinase, Fray, I
show 1) Salt-inducible Kinase 3 (SIK3) and With-No-Lysine Kinase (Wnk) converges on Fray to
regulate glial K+ buffering and seizure susceptibility in three molecularly distinct models of
neuronal hyperexcitability, and 2) Cortex glia is a critical glial subtype that regulates seizure
behavior. I will start by reviewing our current understanding of ion dynamics in the nervous
system as it relates to excitability. Next, I will review the role glia plays in maintaining
homeostatic ion gradients and how dysregulation of such processes results in hyperexcitability.
I will then shift to reviewing SIK3 and Wnk as regulators of ion homeostasis. Finally, in the body
of this thesis, I will present evidence that SIK3 and Wnk converge on Fray, in glia, to regulate K +
buffering and seizure susceptibility in three distinct models of neuronal hyperactivity.
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1.1: Ion dynamics in the nervous system
The transmembrane concentration gradients of various ions like Na+, K+, Ca2+, and K+,
sets the electrochemical driving force that controls ion flux across the membrane. There are
several specialized transporters that establish these ion gradients. Membrane depolarizations
arise from the opening of ligand and voltage-gated ion channels, allowing for various ion
species to flux across the membrane. After these activity-induced changes in ion flux, the
resting concentration gradients must be restored for continued neuronal function. Specialized
ion channels and transporters help restore resting concentration gradients by transporting
various ions from the extracellular space. In particular, the transmembrane concentration
gradient of K+ is a major determinant in setting and establishing the resting membrane
potential. To understand the role K+ plays in establishing the resting membrane potential, we
must first review the intra- and extracellular K+ gradients at rest. In the next section I will review
K+ dynamics under physiological conditions.

1.1.1K+ dynamics under physiological conditions
The resting concentration gradient of an ion establishes the ion’s reversal potential. The
reversal potential is critical because it determines the membrane potential in which the net flux
of that ion is zero. If the membrane potential surpasses the reversal potential of that ion, the
direction of flow for that ion flips the opposite direction. At rest, the intracellular K+
concentration is ~ 96mM and the extracellular K+ concentration gradient is 4mM. This resting
concentration gradient sets the reversal potential for K+ (EK+) to roughly -85mV (Somjen, 1979).
Following an action potential, neurons release K+ into the extracellular space, changing the
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extracellular K+ concentration gradient, and thus the reversal potential for K+. If the
extracellular K+ is not removed from the extracellular space, neurons can be locked in a
hyperexcitable state. Next, I will review evidence linking high extracellular K+ and neuronal
excitability.

1.1.2 K+ dynamics under pathophysiological conditions
There has been immense debate about whether extracellular K+ is a causal factor for
epileptic seizures, but numerous studies examining tissues of patients with epilepsy and animal
models of epilepsy suggest the extracellular K+ concentration may contribute to
epileptogenesis. According to the “potassium accumulation hypothesis”, epileptogenic changes
lead to an accumulation of extracellular K+, which triggers the onset of a seizure (Fisher et al.,
1976; Fröhlich et al., 2008) . This starts a positive-feedback cycle by which seizure activity
further increases the extracellular K+ concentration, by depolarizing neurons and releasing
more K+ into the extracellular space. This cycle terminates when voltage-gated Na+ channels
become inactivated, prohibiting neurons from being able to fire action potentials. Thus, while
simple, the “potassium accumulation hypothesis” offers an explanation for how K+
accumulation in the extracellular space plays a role in the initiation, maintenance, and
termination of seizures.
Numerous studies have highlighted the role extracellular K+ plays in neuronal
hyperactivity. Perfusion of a high K+ saline (7.5-8.5mM) results in tonic and clonic bursts of
activity that resemble epileptiform activity (Jensen et al., 1994). In addition to giving rise to
epileptic seizure activity, the extracellular K+ concentration also controls the length of
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epileptiform activity. These studies highlight a clear, but complex relationship between
extracellular K+ and neuronal hyperactivity. Despite the strong relationship between high
extracellular K+ and neuronal network hyperexcitability, there remains debate about whether
the extracellular accumulation of K+ causes seizures or if it just happens to be an effect of
epileptiform activity. Understanding this complex relationship will be critical for generating
therapies for epilepsy.
Understanding K+ dynamics is not only important for understanding and generating
treatments for epilepsy, but aberrant K+ dynamics also lead to other devastating neurological
conditions like cerebral edema (Reinert et al., 2000). Water molecules are osmotically obliged
to accompany the flow of ions. As such, the extracellular buildup of K+ leads to edema, swelling
due to the water accumulation in the extracellular space.
Given the importance of ion and water homeostasis on brain function and health, the
nervous system has a suite of mechanisms to prevent the accumulation of excess K+ in the
extracellular space. In the next section, I will review the role glia plays in maintaining
homeostatic K+ gradients.

1.2 Glial maintenance of ion-water homeostasis
Historically, glial cells were thought to play a passive role in brain function and health.
However, over the last couple decades, studies have shown glial cells play a more active and
critical role in the development and maintenance of the nervous system function. Many of
these functions include creating and maintaining the blood-brain-barrier, axon guidance,
synapse development, and neurotransmitter clearance. One of the key contributions glial cells
5

make to nervous system health and function is to maintain ion concentration gradients. This
allows glial cells to modulate neuronal activity. Not surprisingly, defects in glia’s capacity to
maintain these ion gradients leads to neuronal hyperexcitability. In the next section, I will
review how glial cells maintain proper ion concentration gradients and how such processes
regulate neuronal activity.

1.2.1 Glial K+ buffering
Glial cells play an important role in maintaining homeostatic ion concentration
gradients. Astrocytes have high membrane permeability to K+ and play a significant role in
buffering K+ (F. Wang et al., 2012). There are two principal mechanisms astrocytes use to
buffer K+. One mechanism is spatial K+ buffering which refers to glial cells forming a network of
syncytium that transfers K+ from areas of high concentration to lower concentration via
inward-rectifying K+ channels (Kir) (Menichella et al., 2006). Astrocytes are connected via gap
junctions which allow for transcellular movement of K+ ions. The other mechanism astrocytes
use to buffer K+ is net uptake, which refers to astrocytes temporarily taking up K+ ions from
active neurons via transporters or K+ channels (Kofuji & Newman, 2004). In addition to taking
up K+, astrocytes will either take in Cl- from the extracellular space or release Na+ into the
extracellular space, to preserve electroneutrality. Many studies have illuminated the various
channels astrocytes use to buffer K+ (Song et al., 2020). Some of these channels include the
inward rectifying K+ channel, Kir4.1, Na+/K+ ATPase, Na+/K+/Cl- co-transporters (NKCCs), K+/Cl(KCCs).
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In addition to expressing specialized K+ channels and transporters, astrocytes
selectively express the water channel, Aquaporin-4, ensuring intimate coupling of K+ buffering
and water flux. As such, K+ uptake by astrocytes can lead to astrocyte swellings as the influx of
K+ is accompanied by the influx of water. Studies examining the optic nerve in rats show
elevated extracellular K+ lead to astrocyte swelling due to astrocyte uptake of K+ and water
(MacVicar et al., 2002). While neurons express many of these channels and transporters, these
channels and transporters are mostly expressed on glial cells which gives them a unique
capacity to buffer and regulate K+ and water buffering. As such, glial cells have a much larger
capacity for buffer ion stress than neurons. While neurons are only able to increase their cell
volume by 4%, glial cells have been reported to increase their cell volume by up to 25% (Hübel
& Ullah, 2016).
Several studies over the last couple decades show how important these channels are for
glial maintenance of K+ and water homeostasis. For example, in Drosophila, loss of the
Na+/K+/Cl- co-transporter Ncc69 in glia leads to accumulation of K+ and water in the
extracellular compartment, resulting in edema in Drosophila peripheral nerves (Leiserson et al.,
2011) . Deletion of KCC3 from Schwann cells in mice resembles a similar edema phenotype
along the axons of peripheral nerves (Flores et al., 2019). Such studies suggest the glial
mechanisms governing K+ homeostasis are conserved from flies to mammals. Defects in the
ability to regulate K+ and water homeostasis are associated with neuronal excitability and
epilepsy . In the next section, I will review evidence linking glial K+ buffering and neuronal
excitability.
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1.2.2 Glial K+ buffering and neuronal excitability
Spatial K+ buffering is accomplished via astrocyte gap junctions (Dermietzel et al., 1991).
K+ is diffused from areas of high concentration to areas of low concentration through
functionally coupled astrocytes. Loss of the gap junction proteins, connexins, on astrocytes is
associated with impaired K+ buffering and seizures (Dermietzel et al., 2000) .
The Na+/K+/Cl- co-transporter, NKCC1 functions to clear K+ from the extracellular space.
In Drosophila, glial loss of NKCC1 is sufficient to increase seizure sensitivity (Rusan et al., 2014).
. Mice with glial loss of NKCC1 are more vulnerable to seizure than wild type mice (Zhu et al.,
2008). Mutations in KCNJ10, the gene encoding the inward-rectifying K+ channel, Kir4.1, are
associated with epilepsy (Haj-Yasein et al., 2011). This clear, but complex relationship between
glial K+ buffering and seizure susceptibility highlights a need to better understand how glial K+
buffering is regulated. In the next section I will introduce the fruit fly, Drosophila Melanogaster,
as a valuable model organism for studying glial K+ buffering and neuronal excitability.

1.3 Drosophila as a model organism
Drosophila Melanogaster, is an attractive system to study nervous system physiology.
Although far removed from humans in regards to brain anatomy, the core mechanisms that
govern neuronal excitability in fly and human are highly conserved.
Many of the same ion channels that regulate neuronal excitability in humans are
expressed in Drosophila. Moreover, Drosophila harboring the mutations that cause human
epilepsy, recapitulate seizure phenotypes. For instance, the Seizure (Sei) locus in Drosophila
encodes the voltage-gated potassium channel, KCNH2. Loss of function mutations in the Sei
8

results in seizure behavior (Titus et al., 1997; X. Wang et al., 1997) . Drosophila also encode
Shaker (Sh), a homolog of the voltage-gated K+ channel, KCNA3. Loss of function mutation in
Shaker also results in neuronal hyperexcitability and seizure behavior (Tanouye et al., 1981).
There are also numerous similarities at the cellular and subcellular levels between fly
and humans. In addition to expressing many of the same genes, glial cells in the Drosophila
nervous system have remarkably similar functions. In mammals, the blood brain barrier is a
metabolic barrier composed of endothelial cells, pericytes, and astrocytes. This barrier
functions as a filter and protects the brain from pathogens and toxins and when the integrity of
the blood brain barrier is compromised, this can lead to infections and disease (Profaci et al.,
2020). Like most invertebrates, the Drosophila the nervous system floats in hemolymph, a fluid
analogous to blood. In Drosophila, perineural and subperineural glial cells form septate
junctions that also function as a filter that protects the brain from pathogens (Yildirim et al.,
2019).
Another key glial function that is conserved between Drosophila and mammals is the
wrapping and insulation of axons in the nervous system. Oligodendrocytes cells in the central
nervous system and Schwann cells in the peripheral nervous system are the chief glial cells that
wrap axons in the mammalian nervous system. Ensheathing glia in the central nervous system
and wrapping glia in the peripheral nervous system wraps axons in the Drosophila nervous
system (Bittern et al., 2021). Not only are there functional analogues between Drosophila and
mammals, many of the molecular pathways that govern glial cell differentiation are highly
conserved. For example, much like Schwann cells, Integrin and Laminin signaling is required for
wrapping glia morphogenesis (Petley-Ragan et al., 2016; Xie & Auld, 2011)
9

In addition to sharing many conserved functions, Drosophila has an expansive genetic
toolkit. Numerous promoter elements have been identified over the last couple decades that
allows us to genetically target different glial subtypes with remarkable precision. Furthermore,
antibodies have been generated towards the various molecular markers which allow
experimenters to track and visualize different glial cells. These tools can be leveraged to study
glial ion homeostasis as it relates to seizure and epilepsy. In the next sections I will review how
researchers leverage Drosophila to study seizure disorders.

1.3.1 Drosophila as a model to study seizure disorders
Many of the phenotypes that are associated with neuronal hyperexcitability and
epilepsy are easily observed in the Drosophila larval system. The larval peripheral nervous
system bears a remarkable resemblance to the mammalian peripheral nervous system. Akin to
the mammalian peripheral nervous system, the larval peripheral nervous system consists of
nerve bundles containing dozens of axons. These nerves contain motor and sensory fiber that
carry periphery information to the central nervous system. Edema, resulting from aberrant ion
homeostasis can be easily observed in the larval peripheral nervous system. Mutations in
Ncc69, the Drosophila orthologue of NKCC1, results in robust nerve swellings along the
peripheral nerves (Leiserson et al., 2000). Moreover, expression of Ncc69 specifically in gila
suppresses the nerve edema observed in Ncc69 null mutants.
Another method developed to study seizure disorders in Drosophila involves
electrophysiological recordings. Electrophysiology is a powerful assay that allows you to directly
measure the flux of ions across the membrane and its relationship to membrane potential. This
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usually involves creating stimulating and recording electrodes that are inserted into neurons to
monitor their activity. The giant fiber system (GFS), a reflex pathway that mediates fast escape
behavior, is a well-defined circuit scientist record to quantify seizure susceptibility. By delivering
trains of high-frequency stimuli (HFS) to the brain, seizure-like electrical activity (SLA) can be
induced and recorded from output muscles in the thorax (King & Wyman, 1980; Tanouye &
Wyman, 1980) . The seizure threshold voltage is defined as the high frequency stimulus that
elicits seizure-like electrical activity. Each genotype has a unique seizure threshold voltage that
can be measured and compared. For example, Canton Special (CS) flies, a commonly used wildtype fly, has a seizure threshold of 44.5 V HFS whereas parabss1 mutants have a seizure
threshold of 4.4V HFS (Parker et al., 2011). Thus, parabss1 mutants are said to be ten times more
seizure sensitive than Canton-Special wild type flies. Manipulations that increase the seizure
threshold are thought to decrease seizure susceptibility.
While electrophysiological recordings allow you to precisely measure the flow of ions
and neuronal activity, another pertinent phenotype of epilepsy is seizure behavior. There are
two classes of seizure mutants in Drosophila; bang-sensitive (BS) & temperature sensitive(TS)
mutants. Bang-sensitive mutants exhibit seizure behavior when subjected to mechanical shock
whereas temperature-sensitive mutants exhibit seizure behavior when exposed to elevated
temperatures. The behavioral phenotype between BS & TS mutants can vary, but the seizure
behavior occurs in distinguishable phases that include leg shaking, abdominal muscle
contractions, scissoring, wing flapping, and proboscis extensions. Various aspects of the seizure
behavior are quantified to measure seizure behavior. For example, in bang-sensitive mutants,
the duration of seizure behavior can be quantified as a measure of seizure severity. In
11

temperature-sensitive mutants, the time it takes for seizure initiation can be used as a measure
of seizure sensitivity (Hill et al., 2019). Using a combination of the assays and experiments
described here, I investigated glial K+ buffering in various Drosophila models of neuronal
excitability. In the next couple of sections, I will review background on key genes that regulate
glial K+ buffering and seizure susceptibility.

1.4 SIK3
In chapter 2, I will provide evidence for a glial K+ buffering program that is regulated by
the two genes SIK3 and Wnk. Salt-inducible kinases (SIKs) are a subfamily of AMPK-related
protein kinases (AMPK) that regulate a suite of genes involved in energy metabolism. This
subfamily of AMP-activated protein kinases consist of three SIK kinases (SIK1, SIK2, and SIK3). In
this section, I will give a broad review of the SIK family of AMPKs.

1.4.1 SIKs as a regulator of energy metabolism
The first evidence for SIK’s role in energy metabolism came from studies examining the
adrenal cortex of rats on a high-salt diet. In a screen aimed to identify factors that regulate
adrenal cortex function in response to changes in plasma Na+/K+ balance, SIK1 mRNA levels
were shown to significantly increase in the adrenal cortex of rats on a high K+ diet (Z.-N. Wang
et al., 1999). After examining the mouse and human genome, researchers identified the SIK2
and SIK3 isoforms (Horike et al., 2003; Screaton et al., 2004). Using recombinant SIK1 kinase
domain fragments, researchers were able to identify various SIK substrates. Two of the wellknown and best studied substrates are class IIa histone deacetylases (HDACs 4, 5, 7, and 9) and
cAMP-regulated transcriptional coactivators (CRTCs 1, 2, ane 3). SIKs control the
12

phosphorylation and subcellular localization of class IIa HDACs and CRTCs, and thus their generegulatory activity .
Studies into the function of SIKs have uncovered their role in regulating glucose and lipid
homeostasis. In the liver of mice, SIK1 knockdown leads to decreased phosphorylation of
CRTC1, which is accompanied by increased expression of gluconeogenic genes (Koo et al.,
2005). Through mass spectrometry analysis, SIK2 was shown to regulate the phosphorylation
and nuclear shuttling of CRTC2 in pancreatic β-cells . In the Drosophila fat body, SIK3 integrates
feeding and fasting signals to regulate the transcription of lipolysis genes (Choi et al., 2015).
Feeding signals through SIK3 to promote lipid storage whereas hormones secreted during
fasting signals through SIK3 to promote lipolysis. Signaling through this pathway is critical for
lipid and glucose homeostasis in both flies and mice.
While SIKs signaling is traditionally thought to play crucial roles in glucose and lipid
homeostasis, SIKs are expressed in the nervous system and have been demonstrated to
regulate important processes relating to nervous system health and function. Namely, SIK3
plays a critical role in controlling sleep homeostasis . In a mutagenesis screen, researchers
discovered a gain of function mutation in SIK3 responsible for decreasing the total wake time in
mice(Funato et al., 2016)). In Drosophila, a single amino acid, S551, plays a crucial role in
regulating non rapid-eye movement sleep amounts and sleep need (Park et al., 2020). This
particular site is well conserved from C. elegans and Drosophila all the way up to mice and
humans. SIK3 is known to be important for circadian rhythm physiology, but our lab has
recently established SIK3 as a regulator of glial K+ buffering (Li et al., 2019). In the next section,
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I will provide a detailed review of our studies defining SIK3 as a regulator of water and ion
homeostasis. This will be a pivotal background for my thesis work.

1.4.2 SIK3 regulates glial K+ buffering
One of glia’s chief roles is maintaining ion and water homeostasis in the nervous system.
Defects in K+ buffering can lead to nerve edema, hyperexcitability, and increased seizure
susceptibility. We wished to identify genes that promote glial K+ buffering. If there were genes
that promote glial K+ buffering, we reasoned that loss of these genes would lead to phenotypes
associated with disrupted K+ buffering such as nerve edema and neuronal hyperexcitability.
Thus, we performed an in-vivo glial-specific RNAi screen in Drosophila. From this screen, loss of
SIK3 in glia was shown to induce peripheral nerve swellings(Li et al., 2019). Additionally, a high
K+ diet exacerbated these nerve swellings, suggesting SIK3 played a role in glial K+ buffering.
SIK3 is a highly conserved AMPK-related kinase that controls the phosphorylation and
subcellular localization of class IIa HDACs and CRTCs. We hypothesized that SIK3 signaled
through one of these transcription regulatory factors to regulate genes that are involved in K+
homeostasis. In Drosophila, SIK3 was already shown to signal through HDAC4 to regulate male
circadian sex drive (Fujii et al., 2017) so we hypothesized HDAC4 was SIK3’s downstream
signaling partner in glia. Accordingly, knocking down HDAC4 suppressed the nerve swellings
induced by SIK3 loss, suggesting SIK3 signaled through HDAC4 to regulate K+ homeostasis.
SIK3 phosphorylates HDAC4, sequestering it in the nucleus. When SIK3 is inhibited,
unphosphorylated HDAC4 is translocated into the nucleus where it regulates numerous
transcription factors. Amongst these transcription factors are forkhead box protein O, cAMP
14

response element-binding protein, Sima, and Mef2 (Z. Wang et al., 2014). HDAC4 has been
demonstrated to inhibit Mef2 in both Drosophila and mice (Fitzsimons et al., 2013; Sando et al.,
2012). If HDAC4 was inhibiting Mef2 to regulate K+ homeostasis, overexpression of Mef2
should phenocopy SIK3-loss mediated nerve swellings. As expected, Mef2 overexpression in glia
led to nerve swellings (Li et al., 2019). Taken together these data suggest SIK3-HDAC4-Mef2
signaling regulates glial K+ homeostasis.
Given the complex relationship between K+ dynamics and neuronal excitability, we next
assessed whether glial SIK3 signaling had any effect on neuronal excitability. We performed
electrophysiological recordings on the neuromuscular junction of SIK3 mutants and observed a
hyperexcitability phenotype. Neuronal hyperexcitability was accompanied by seizure behavior.
Pharmacological inhibition of class IIa HDACs was able to significantly suppress the neuronal
hyperactivity and seizure behavior. To show that this phenotype was due to aberrant signaling
in glia, we were also able to suppress nerve swelling, neuronal excitability, and seizure behavior
by knocking down HDAC4 specifically in glia .
After establishing SIK3-HDAC4 signaling as a regulator of glial K+ buffering and neuronal
hyperexcitability, we wanted to identify upstream regulators. Prior studies had suggested cAMP
signaled through PKA to negatively regulate SIK3 (Choi et al., 2015; B. Wang et al., 2011). To
test whether PKA was a negative regulator of SIK3 in glia, we either overexpressed a
constitutively active subunit of PKA or knockdown a regulatory subunit of PKA. Both
manipulations phenocopied the SIK3 loss phenotype. Additionally, enhancing PKA activity led to
nuclear accumulation of HDAC4, suggesting PKA signals through the SIK3-HDAC4 signaling axis
(Li et al., 2019).
15

Norepinephrine is a hormone that had been previously implicated in regulating seizure
susceptibility (Mason & Corcoran, 1979). We hypothesized octopamine, the Drosophila
orthologue of norepinephrine, to be the upstream regulator of glial K+ buffering. In octopamine
biosynthetic mutants, we observed nerve swellings and a nuclear accumulation of HDAC4,
suggesting octopamine was needed to keep the SIK3-HDAC4 signaling pathway active. Further
studies into octopamine signaling unraveled a bidirectional regulation of glial K+ buffering (Li et
al., 2019).
Given the relationship between the build up of extracellular K+ and neuronal
hyperactivity, we assessed whether this pathway contributed to the neuronal hyperexcitability
observed in seizure mutants. In eag Shaker mutants, the SIK3-HDAC4 glial K+ buffering pathway
was inhibited and reactivating significantly suppressed seizure behavior and extended lifespan
(Li et al., 2021). We proposed a model by which glial responds to the K+ stress by inhibiting the
glial K+ buffering program. Consistent with this model, when the glial K+ buffering program
remains active in the presence of a K+ stress, glial cells swell and activate JNK signaling, a
central cell stress signaling pathway. The bulk of my thesis will investigate whether this
“glioprotective” mechanism is a general feature of neuronal hyperexcitability mutants or a
peculiarity of eag Shaker mutants. I show Fray, a serine threonine kinase, is a critical
downstream target.

1.5 Wnk-SPAK/OSR1 signaling regulates ion homeostasis
With-no-Lysine Kinase (Wnk) is a serine-threonine kinase that is characterized by an
unusually placed catalytic lysine residue (Xu et al., 2000). Mutations in Wnk1 and Wnk4 were
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shown to cause the human monogenic disease, familial hyperkalemic hypertension (Wilson et
al., 2001). Understanding the underlying dysregulation of Na+, Cl-, and K+ transport led to the
identification of Wnk as a master regulator of ion homeostasis (Alessi et al., 2014). In the next
section, I will review the body of work describing Wnk as a master regulator of cation-chloride
transporters.

1.5.1 WNK
Wnk is a kinase that phosphorylates SPAK and OSR1 (Anselmo et al., 2006; Moriguchi et
al., 2005). Phosphorylated SPAK activates a suite of channels and transporters involved in
regulating ion homeostasis. These channels include sodium-coupled chloride transporters
(NCCs), sodium-potassium -chloride cotransporters (NKCCs), and potassium-chloride
cotransporters (KCCs)(de Los Heros et al., 2014; Gagnon et al., 2006; Murillo-de-Ozores et al.,
2020) . Ion homeostasis is regulated by the activities of these channels. Wnk is traditionally
studied in the kidney, but recent studies have implicated Wnk to be important for ion
homeostasis in the nervous system. .
Compromised astrocyte K+ buffering leads to elevated extracellular K+ concentration
and seizures (Rangroo Thrane et al., 2013). Our recent studies have also implicated impaired
glial K+ buffering in neuronal hyperactivity and seizure behavior (Li et al., 2019, 2021).
Moreover, Fray, the Drosophila orthologue of SPAK, is one of the genes downstream of the
SIK3-HDAC4 signaling pathway. Activated Fray leads to increase K+ uptake which led us to
hypothesize Fray was one of the critical downstream regulators of glial K+ buffering. In my
thesis I explore whether Wnk-Fray signaling in glia also regulates K+ buffering.
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1.6 Summary
K+ homeostasis is critical for maintaining healthy levels of neuronal activity. Glia play an
essential role in maintaining homeostatic ion gradients. As such, one of the chief goals for
creating therapeutics for seizure disorders are to target the glial mechanisms to alleviate
neuronal hyperactivity (Devinsky et al., 2013). In chapter 2, I will describe work that
interrogates whether enhancing glial’s capacity to buffer K+ can suppress seizure behavior. I use
molecularly distinct models of hyperactivity to assess whether enhancing glial K+ buffering
could suppress seizure behavior. I show Fray is the convergence node between SIK3 and Wnk to
regulate glial K+ buffering. Overexpressing a constitutively active Fray in glial, promoting K+
uptake, is sufficient to suppress seizure behavior in three molecularly distinct models of
hyperactivity. In addition, I show cortex glia is a critical glial subtype, as enhancing K+ buffering
in cortex glia is sufficient to suppress the nerve swellings and seizure behaviors. Taken together,
this thesis work shows that SIK3 and Wnk converge on the Fray to regulate glial K+ buffering
and seizure susceptibility in distinct models of hyperexcitability. This thesis demonstrates the
therapeutic potential of enhancing glial K+ buffering to treat diseases of hyperactivity.
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Chapter 2: SIK3 and Wnk converge on Fray to regulate
glial K+ buffering and seizure susceptibility

This chapter was submitted to PLOS Genetics as:
SIK3 and Wnk converge on Fray to regulate glial K+ buffering and seizure susceptibility
Lorenzo Lones1 and Aaron DiAntonio1,2
Author Contributions: L.L. and A.D. designed the research, L.L. performed the research and
analyzed data, and L.L. and A.D. wrote the paper.
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2.1 Abstract
Glial cells play a critical role in maintaining homeostatic ion concentration gradients. Saltinducible kinase 3 (SIK3) regulates a gene expression program that controls K buffering in glia,
+

and upregulation of this pathway suppresses seizure behavior in the eag, Shaker
hyperexcitability mutant. Here we show that boosting the glial SIK3 K buffering pathway
+

suppresses seizures in three additional molecularly diverse hyperexcitable mutants, highlighting
the therapeutic potential of upregulating glial K buffering. We then explore additional
+

mechanisms regulating glial K buffering. Fray, a transcriptional target of the SIK3 K buffering
+

+

program, is a kinase that promotes K uptake by activating the Na /K /Cl co-transporter, Ncc69.
+

+

+

-

We show that the Wnk kinase phosphorylates Fray in Drosophila glia and that this activity is
required to promote K buffering. This identifies Fray as a convergence point between the SIK3+

dependent transcriptional program and Wnk-dependent post-translational regulation.
Bypassing both regulatory mechanisms via overexpression of a constitutively active Fray in glia
is sufficient to robustly suppress seizure behavior in multiple Drosophila models of
hyperexcitability. Finally, we identify cortex glia as a critical cell type for regulation of seizure
susceptibility, as boosting K buffering via expression of activated Fray exclusively in these cells
+

is sufficient to suppress seizure behavior. These findings highlight Fray as a key convergence
point for distinct K buffering regulatory mechanisms and cortex glia as an important locus for
+

control of neuronal excitability.
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2.2 Introduction
Cell volume homeostasis is a challenge faced by all cells. Genetic mutations in genes
regulating solute and ion transport cause a variety of human diseases including hypertension,
long QT syndrome, and cerebral ischemia (Kahle et al., 2008, 2015; Shekarabi et al., 2017). In
the nervous system, ion transport is central to neuronal function, as it underlies both action
potential propagation and evoked neurotransmitter release. In particular, the regulation of K is
+

important for maintaining healthy, physiological levels of neuronal activity. Following trains of
action potentials, extracellular K levels can increase as neurons release K into the extracellular
+

+

space to repolarize the membrane. This efflux of K creates osmotic pressure that induces the
+

flux of water molecules into the extracellular space. Glial cells express a suite of channels and
specialized transporters that play an essential role in removing K and water from the
+

extracellular space to restore homeostatic ionic and osmotic gradients (Kahle et al., 2008; Song
et al., 2020). Defects in glial water and ion homeostasis can lead to devastating consequences
such as ionic edema and neuronal hyperexcitability, a cardinal hallmark of seizure
disorders(Fröhlich et al., 2008; Raimondo et al., 2015).
Much is known about the molecular mechanisms of ion homeostasis, particularly the
identity of the key channels/transporters and their upstream regulators. Among these
regulators is With-No-Lysine kinase (WNK), which is well studied in the mammalian kidney as a
master regulator of renal ion transport (Alessi et al., 2014). Wnk phosphorylates the Ste20related proline/alanine-rich kinase (SPAK) which leads to the phosphorylation and activation of
cation-chloride transporters such as NKCC1 (Thastrup et al., 2012). Activation of NKCC1
promotes K uptake. Wnk-SPAK signaling is evolutionarily conserved as Wnk also signals through
+
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Fray (SPAK) in the Drosophila Malpighian tubule to regulate transepithelial ion transport
(Murillo-de-Ozores et al., 2020; Rodan & Jenny, 2017; Shekarabi et al., 2017). In the peripheral
nervous system, loss of Fray results in nerve swellings due to ionic edema, and this phenotype
is suppressed by glial-specific expression of Ncc69, the Drosophila orthologue of NKCC1
(Leiserson et al., 2000, 2011). While the activities of these effectors of ion homeostasis are
reasonably well understood, much less is known about the transcriptional regulation of this
process.
Recently, we identified a signal transduction cascade in which the AMPK-family member
kinase SIK3 and the histone deacetylase HDAC4 regulate the expression of water and K

+

buffering genes in peripheral Drosophila glia (Li et al., 2019). SIK3 promotes K buffering by
+

sequestering HDAC4 in the cytoplasm, thereby relieving HDAC4 inhibition of the nuclear
transcription factor Mef2. Active Mef2 promotes the expression of water and K buffering genes
+

including the water channel aquaporin and the kinase Fray/SPAK. Loss of SIK3 in glia disrupts K+
buffering and leads to neuronal hyperexcitability and nerve edema, highlighting the key role
SIK3 plays in water/ion homeostasis for the nervous system. Interestingly, we demonstrated in
the Drosophila seizure model Eag Shaker, a double mutant for both ERG and Shaker-type K

+

channels, that the glial SIK3-HDAC4 pathway is inactivated and re-activation of the glial SIK3HDAC4 pathway suppresses seizure behavior and significantly extends lifespan (Li et al., 2021).
The dramatic seizure suppression observed in Eag Shaker motivated us to explore whether
bolstering the glial capacity to buffer K could also suppress seizure behavior in molecularly
+

distinct seizure mutants.
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Here we demonstrate that two pathways converge on Fray to regulate K buffering and
+

seizure susceptibility, and that boosting glial K buffering can suppress seizure behavior in three
+

mechanistically distinct Drosophila models of hyperexcitability. We show that activation of the
SIK3 transcriptional program in glia is sufficient to suppress seizure behavior in a variety of
seizure mutants. We next investigate the function of Wnk in Drosophila glia as a candidate posttranslational regulator of ion buffering. We demonstrate that Wnk phosphorylates Fray in glia
to regulate K buffering. As we previously demonstrated that SIK3-HDAC4 regulates the
+

transcription of Fray, this finding suggested that Fray may be a critical convergence target of
both SIK3 and Wnk. By overexpressing a constitutively active Fray, we bypassed the
transcriptional regulator, SIK3, and posttranslational regulator, Wnk, and find that active Fray is
sufficient to potently suppress seizure behaviors in multiple hyperexcitable mutants. Finally, we
identify cortex glia, which wrap the neuronal cell bodies in the central nervous system (Kremer
et al., 2017; Yildirim et al., 2019) as an important glial subtype for regulation of seizure behavior
via the SIK3 and Fray-dependent pathways. Taken together, this study demonstrates that Fray,
a critical downstream target of SIK3 and Wnk, can regulate K buffering in cortex glia and
+

modulate seizure susceptibility in multiple Drosophila models of epilepsy.

2.3 Results and discussion
2.3.1 Hyperexcitability inhibits glial K buffering
+

The SIK3/HDAC4 glial K buffering program is inhibited in eag shaker, a double mutant
+

for the ERG and Shaker-type K channels (Li et al., 2021). Inhibition of this program occurs via
+
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shuttling of HDAC4 to nucleus, and can lead to peripheral nerve edema that is observed as
nerve swellings. Here we tested whether inhibition of this program is a general feature of
hyperexcitable mutants with altered K homeostasis. We assessed HDAC4 localization and nerve
+

swellings in three seizure mutants defective for K homeostasis; NCKX
+

zydeco

(zyd) which disrupts a

K -dependent Na /Ca exchanger (Melom & Littleton, 2013; Weiss et al., 2019), Seizure (Sei )
+

+

2+

TS1

which disrupts an H-type voltage-gated K channel (Titus et al., 1997; X. Wang et al., 1997), and
+

a model of dup15q syndrome in which glial overexpression of the ubiquitin ligase and human
disease gene ube3a leads to degradation of the Na /K ATPase pump (Hope et al., 2017, 2020).
+

+

All three mutants exhibit pronounced seizure phenotypes and are predicted to perturb K flux.
+

First, we examined HDAC4 localization in glia expressing a FLAG-tagged HDAC4. In control flies
(Repo>), HDAC4 is present at similar levels in the cytosol and nucleus. In Ube3a overexpression
mutants, HDAC4 is enriched in the nucleus and so has a significantly increased nuclear to
cytoplasmic ratio (Fig 1A-B). In contrast, there is no difference between the HDAC4 nuclear to
cytoplasmic ratio in the Sei or NCKX as compared to control flies, suggesting the SIK3 glial K
TS1

zyd

+

buffering program is unaffected in these mutants. In conjunction with our prior findings that
the SIK3 K buffering program is turned off in eag shaker double mutants (Li et al., 2021), these
+

data show that neuronal excitability inhibits glial K buffering in some, but not all, seizure
+

mutants.
We next assessed nerve swellings in these seizure mutants. Nerve morphology is a
readout of K buffering, as inhibition of glial K buffering leads to ionic edema as the extracellular
+

+

accumulation of K draws osmotically obliged water molecules into the extracellular space
+

leading to distinct nerve swellings (Li et al., 2019). While NCKX did not exhibit peripheral nerve
zyd
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swellings, Dup15q and Sei mutants both exhibited nerve swellings that resembled the SIK3
TS1

mutant phenotype (Fig 1C). The nuclear localization of HDAC4 in Dup15q suggest the nerve
swellings were the result of an inactive K buffering program. Thus, we hypothesized that re+

activating the K buffering program would suppress nerve swellings. To activate the K buffering
+

+

program in glia, we knocked down HDAC4 with the pan-glial driver Repo-Gal4. When the K

+

buffering program was activated, we saw a significant reduction in the number of nerve
swellings in the dup15q syndrome model (Fig 1D). We were intrigued to observe nerve
swellings in the Sei mutant because HDAC4 was unaffected by this mutant, indicating that the
TS1

SIK3 K buffering program was apparently functional and so this mutant was likely disrupting K
+

+

homeostasis in the nerve via a different mechanism. This allowed us to test the hypothesis that
enhancing the SIK3 K buffering program beyond basal levels could suppress nerve swellings. To
+

activate glial K buffering, we expressed HDAC4 RNAi using the pan glial driver, Repo-Gal4.
+

When the K buffering program was further activated in Sei , the number of nerve swellings per
+

TS1

larvae was decreased compared to Sei mutants expressing a control RNAi (Fig 1D). This
TS1

suppression, despite the presence of an active SIK3 K buffering program at baseline, suggests
+

that enhancing the transcriptional K buffering program may be a broadly useful intervention
+

for suppressing the consequences of hyperexcitability.
2.3.2 Activating the glial SIK3 K buffering program suppresses seizure behavior in diverse
+

mutants
In eag shaker mutants, hyperexcitability inhibits the glial SIK3 K buffering
+

program. Reactivating the program suppresses seizure behavior and extends lifespan (Li et al.,
2019). Moreover, enhancing the SIK3 K buffering program in the Sei mutant suppressed nerve
+

TS1
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swellings even though the SIK3 program was not turned off (Figure 1D). This finding led us to
hypothesize that activating the program could suppress seizure behavior across a range of
distinct seizure mutants. The three mutants we characterized above all show seizures, but
otherwise have distinct SIK3 pathway-related phenotypes. In the Dup15q model, the SIK3HDAC4 glial K buffering program is inhibited and the mutant exhibits nerve swellings. In Sei
+

TS1

mutants, the SIK3-HDAC4 glial K buffering program is active and yet the mutant still exhibits
+

nerve swellings. Finally, in the NCKX

zydeco

mutant the SIK3-HDAC4 glial K buffering program is
+

active and the mutant does not exhibit nerve swellings (Fig 1A-D). This phenotypic variability
allowed us to test the hypothesis that activation of the SIK3 K buffering program would be a
+

broadly useful intervention for inhibiting seizures. To test this hypothesis, we activated the glial
SIK3 K buffering program in each of these seizure mutants by knocking down glial HDAC4 and
+

assayed seizure behavior. In all three mutants, enhancing the glial K buffering program
+

dramatically suppressed seizure behaviors. To quantify this effect, seizures were induced, and
the percentage of flies seizing was recorded every ten seconds (Fig 2A-C). The cumulative area
under the seizure curve was measured and reported as the integrated seizure response. This
integrated measure accounts for both the initial fraction of flies that seize as well as the
recovery time. In each seizure mutant, the integrated seizure response was significantly
decreased when the glial K buffering program was activated, compared to seizure mutants
+

expressing a control RNAi (Fig 2D). These data suggest that regardless of the initial status of the
SIK3-HDAC4 glial K buffering pathway, enhancing the glial capacity to buffer K is sufficient to
+

+

suppress seizure behavior. Having demonstrated the broad importance of glial K buffering in
+
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seizure susceptibility, we next investigated other genes implicated in the regulation of glial K

+

buffering.
2.3.3 Wnk signals through Fray to regulate glial K buffering
+

Fray (SPAK in mammals), a downstream target of the SIK3-HDAC4-Mef2 pathway, is a
master regulator of cation-chloride cotransporters (Alessi et al., 2014) and is required for
proper glial K buffering in Drosophila (Rusan et al., 2014). Wnk directly phosphorylates and
+

activates Fray/SPAK in mammals as well as in the Drosophila renal system, but little is known
about Wnk function in glia. To assess Wnk activity in glia, we adopted an assay previously
developed in the Drosophila renal tubule (Wu et al., 2014) in which a kinase-dead rat SPAK
(rSPAK

D219A

) is used as a catalytically-inactive reporter substrate for endogenous Drosophila Wnk.

We expressed (rSPAK

D219A

) in glia and assessed the ratio of phosphorylated SPAK to total SPAK in

the CNS from control flies, as well as flies with glial-specific knockdown or overexpression of
Wnk. With knockdown of Wnk there is a significant decrease in the levels of p-SPAK, while upon
Wnk overexpression there is a significant increase in the levels of p-SPAK (Fig 3A-B). Hence,
endogenous Wnk is active in Drosophila glia, and so likely phosphorylates Fray, which shares
this phosphorylation site with SPAK.
If Wnk functions upstream of Fray in glia to regulate K buffering, then we predict that
+

losing Wnk in glia will phenocopy loss of Fray and cause peripheral nerve swellings. To test this
hypothesis, first we drove a UAS-Fray RNAi transgene in glia from the pan-glia driver Repo Gal-4
and observed nerve swellings, consistent with prior findings (Leiserson et al., 2000) (Fig 3C-D).
Driving the expression of either of two non-overlapping UAS-Wnk RNAi transgenes with Repo
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Gal-4 also led to localized nerve swellings (Fig 3C-D). If Wnk signals through Fray in glia, then
expression of a constitutively active Fray transgene that does not need to be phosphorylated by
Wnk should suppress the Wnk loss-of-function phenotype. Such a Fray transgene exists in
which the threonine phosphorylated by Wnk is replaced with a glutamic acid as a
phosphomimetic (Fray , (Wu et al., 2014)). Expression of Fray
T206E

T206E

in glia fully suppressed the

nerve swelling phenotype due to Wnk knockdown (Fig 3C-D). This epistatic analysis in
conjunction with the biochemical studies above demonstrate that Fray is an essential
downstream target of Wnk in glia for the regulation of K buffering.
+

2.3.4 Activated Fray is sufficient to suppress seizure behavior
Fray is a transcriptional target of the SIK3-HDAC4-Mef2 signaling cascade and a direct
target of Wnk. Overexpression of constitutively active Fray is sufficient to suppress nerve
swellings induced by loss of SIK3 and Wnk (Chávez-Canales et al., 2014; de Los Heros et al.,
2014; Li et al., 2019) (Figure 3A-D). This led us to hypothesize that Fray may be a central node in
the glial K buffering program. If so, then bypassing both the transcriptional and
+

posttranslational programs via transgenic expression of a constitutively active Fray (Fray ) in
T206E

glia might be sufficient to suppress seizure phenotypes in multiple hyperexcitable mutants. To
test this, we expressed Fray

T206E

in glia under the control of the pan-glia driver Repo-Gal4 in each

of the mutants. To assay seizure behavior, flies were subjected to seizure-inducing stimuli (42 C
o

and 38 C water bath for temperature-sensitive Sei and NCKX mutants and a ten-second
o

TS1

zyd

vortex for the bang-sensitive Dup15q model flies) and the percentage of animals seizing was
recorded every ten seconds until all flies recovered (Fig. 4A-C). The cumulative area under the
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seizure curve was quantified and reported as an integrated seizure response. When
constitutively active Fray was expressed in glia, seizure behavior was strongly suppressed in all
three mutants (Fig. 4D). As a second measure of seizure behavior that focuses on seizure
initiation, we measured when the temperature sensitive mutants began to seize after exposure
to elevated temperature (Fig. 4E-F). This assay is only possible for the temperature sensitive
mutants, as it is not feasible to assess initiation of seizures while the animals are being
vortexed. To quantify seizure initiation, we calculated the time at which 50% of flies exhibit
heat-induced seizures (Fig. 4G). We used the pan-glial driver, Repo-Gal4, to drive the expression
of constitutively active Fray (Fray ) in both Sei and NCKX mutants. This manipulation
T206E

TS1

zyd

significantly delayed seizure initiation in each mutant. Taken together with the results above,
we conclude that glial expression of activated Fray is sufficient to potently suppress multiple,
mechanistically distinct seizure mutants, highlighting the functional importance of Fray as an
intersection point of the SIK3-dependent transcriptional program and Wnk-dependent
posttranslational program for promoting ion homeostasis.
2.3.5 Boosting K buffering in Cortex glia is sufficient to suppress seizure behavior
+

We have shown that boosting K buffering in all glial cells is sufficient to suppress seizure
+

behavior in eag, Shaker and other seizure mutants. Now, we seek to identify a specific glial
subtype in which boosting buffering is sufficient to suppress seizure behavior. In our previous
work, we demonstrated that SIK3-HDAC4 K buffering pathway is particularly critical in
+

wrapping glia for suppressing extracellular edema in peripheral nerves (Li et al., 2019).
However, seizures start in the central nervous system, so we wished to compare wrapping glia
where we know the SIK3-HDAC4 pathway functions with CNS glial, where we predict K
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+

buffering is particularly important for seizure suppression. We focused on cortex glia because
they wrap neuronal cell bodies in the central nervous system and participate in K buffering
+

(Kremer et al., 2017; Kunduri et al., 2018; Melom & Littleton, 2013; Weiss et al., 2019). First, we
assessed the state of the SIK3-HDAC4 signaling pathway in both wrapping glia in peripheral
nerves and cortex glia in the CNS in the eag, Shaker mutant. We expressed FLAG-tagged HDAC4
exclusively in wrapping glia or cortex glia of wild type and eag, Shaker mutant flies via
expression from selective Gal4 lines. We observed a dramatic re-localization of HDAC4 in both
cell types from a diffuse cytosolic pattern in wild type flies to pronounced nuclear HDAC4
localization in the eag Shaker mutant (Fig 5A). Hence, the SIK3-HDAC4 K buffering pathway is
+

inhibited in both wrapping glia and cortex glia in this hyperexcitable mutant.
Next, we asked whether the inhibition of the SIK3-HDAC4 K buffering pathway in either
+

glial subtype contributes to seizure behavior by testing whether enhancing K buffering in cortex
+

glia could suppress seizure behavior in eag Shaker. We enhanced K buffering, using wrapping
+

glia and cortex glia specific Gal4 drivers to knock down HDAC4. In wrapping glia, HDAC4
knockdown did not influence seizure behavior (Fig 5B-C), even though we previously
demonstrated that this is the key cell type for controlling peripheral edema (Li et al., 2019). In
contrast, in cortex glia, HDAC4 knockdown dramatically suppressed seizure behavior, leading to
a significant decrease in the integrated seizure response compared to eag Shaker flies
expressing control transgenes (Fig 5B-C). If cortex glia is a critical glial subtype for seizure
behavior, we would expect overexpression of constitutively active Fray to also suppress seizure
behavior. When constitutively active Fray was expressed in cortex glia of eag Shaker mutants,
we observed dramatic seizure suppression as indicated by the significant decrease in integrated
30

seizure response. Hence, boosting K buffering in cortex glia is sufficient to suppress seizure
+

behavior, highlighting the importance of cortex glia for the regulation of neuronal excitability.
In conjunction with our prior work, these findings demonstrate that K buffering in different glia
+

subtypes is necessary for distinct physiological functions.

2.4 Summary and Discussion
Here we demonstrate that enhancing glial ionic buffering is sufficient to suppress
seizure behavior across a variety of Drosophila hyperexcitability models. We show that Fray, an
important upstream regulator of glial K transporters (Leiserson et al., 2000) and a
+

transcriptional target of SIK3-HDAC4 signaling (Li et al., 2019), is also a substrate for the kinase
Wnk in glia, and that Wnk-dependent regulation of Fray is required for proper ionic buffering in
glia. Overexpressing a constitutively active Fray, bypassing both SIK3- and Wnk-dependent
regulation, potently suppressed seizure behavior in molecularly distinct hyperexcitability
mutants. These findings suggest that Fray is a central convergence point between two major
glial ion homeostasis regulatory pathways. Finally, we identify cortex glia as central for the
control of neuronal excitability, as enhancing K buffering specifically in this glial subtype is
+

sufficient to suppress seizure behavior across diverse hyperexcitability mutants. Taken
together, these findings emphasize the centrality of glial ionic buffering in the control of
neuronal excitability, deepen our understanding of the molecular mechanisms controlling glial
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ionic homeostasis, and highlight the potential therapeutic utility of bolstering glial K buffering
+

as a new paradigm for the treatment of seizure disorders.

2.5 Methods and materials
Fly Stocks.
Fly stocks were maintained using standard techniques, cultured at 25 C in 60% relative
o

humidity. The following stocks were used in this study: Repo-Gal4 (BDSC #7415); R54H02-Gal4
(BDSC #45784); Nrv2-Gal4 (BDSC# 6799); UAS-Ube3A (BDSC# 90376); UAS-Wnk RNAi (BDSC
#62150; #42521); UAS-Fray RNAi (BDSC #55878; #42569); UAS-HDAC4 RNAi (BDSC #28549;
#34774); UAS-LexA RNAi (BDSC #67945); UAS-mCD8-RFP (BDSC# 32218); Sei , Eag Shaker and
TS1

NCKX

zydeco

are gifts from Troy Littleton; UAS-RnSPAK

D219A

1

, UAS-Wnk , and UAS-Fray
WT

T206E

120

were gifts

from Aylin Rodan.
Immunocytochemistry.
Third instar larvae were dissected in ice-cold phosphate-buffered saline (PBS) and immediately
fixed with 4% paraformaldehyde for 20 minutes at room temperature. After fixing, larvae were
washed with PBS + 0.1% Triton X-100 (PBS-T) 3 times (3X) for 10 minutes, followed by blocking
in PBS-T +5% goat serum. All antibodies were incubated with 5% goat serum. To examine
peripheral nerve morphology, larvae were incubated in Cy3-conjugated goat α-HRP antibody
(1:1000; Jackson ImmunoResearch cat # 123-165-021, RRID: AB 2338959) for 60 minutes at
room temperature. In all other experiments, larvae were incubated overnight at 4 C in the
o

following primary antibodies: rabbit α-FLAG (1:1000; Cell Signaling, cat# 147935); mouse αRepo (1:100; Developmental Studies Hybridoma Bank, RRID_AB528448). After overnight
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incubation, primary antibodies were washed 3X with PBS-T for 10 minutes at room
temperature. Larvae were then incubated with the following secondary antibodies for 90
minutes; AlexaFluor 488-conjugated goat α-rabbit (1:1000; Invitorgen, cat# A-10520,
RRID:AB_2534029); Cy3 goat α-mouse (1:1000; Jackson ImmunoResearch, cat# A-10520:
AB_2534029); 647 AffiniPure goat α-HRP (1:1000; Jackson ImmunoResearch, cat# A-123-065021). After three, 10-minute wash in PBST, larvae were transferred to be equilibrated in 70%
glycerol in PBS for at least 1 hour. Larvae were then mounted in Vectashield (Vector
Laboratories) and ready to be imaged.
Western Blots (Measurement of Drosophila WNK activity)
20 flies brains expressing a kinase-dead rat SPAK

in glial cells were homogenized in RIPA

D219A

buffer with protease inhibitor (Millipore Sigma cat# 11873580001) and phosphatase inhibitor
(Sigma-Aldrich, cat# p0044) to create protein sample. The protein samples were spun down at
max speed (10-11,000g) for 15 minutes at 4 C. Lysates were created from the supernatant.
o

Protein concentration was determined by BCA Protein Assay Kit (Thermo Scientific; cat#
23225).Samples were run on 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad
®

Laboratories, cat# 4561093). Membranes were washed with Tris-buffered saline with 0.2%
Tween-20 (TBS-T) followed by a 1-hour block of a TBS-T + 5% milk. Gels were transferred to
nitrocellulose membranes using Trans-Blot Turbo Midi Nitrocellulose Transfer Packs (Bio-Rad
®

Laboratories, cat# 1704159). Membranes were blocked in 5% bovine serum albumin (SigmaAldrich, cat# A3912-50G) in TBS + 0.1% tween for 60 min and incubated overnight at 4 C with
o

the following primary antibodies: rabbit anti-pSPAK (1:2500; Millipore No. 07-2273); rabbit antitSPAK (1:1000; Cell Signaling Technology #2281); rabbit anti β-actin (1:1000; Cell Signaling
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Technology cat# 4967S). On the following day, primary antibodies were washed 3x with TBS-T
for 10 minutes. Membranes were then incubated in the following secondary antibodies in TBS-T
+ 5% milk for 60 minutes at room temperature: Peroxidase AffiniPure Goat anti-Rabbit IgG
(1:5,000;Jackson ImmunoResearch Laboratories cat# 111-035-045). Blots were stripped using
Restore PLUS Western Blot Stripping Buffer (Thermo Fisher Scientific cat# 46430) for 15
TM

minutes at 37 C before being re-probed for total SPAK. Western blots were developed with
o

Immobilon Western Chemiluminescent Substrate (EMD Millipore) and imaged on a G:Box
Chemi-XX6 (Syngene). Blots were quantified using ImageJ (NIH, v1.53c). First, phosphorylatedSPAK (pSPAK) and total SPAK (t-SPAK) were first normalized to their respective loading control
(β-Actin) and then phosphorylated protein was divided by total protein such that the result was
(p-SPAK/β-Actin)/ (t-SPAK/β-actin). Phosphorylation was calculated by measuring the ratio of pSPAK/t-SPAK.
Seizure Behavior Assay. Adult flies were collected within 24 hours post-eclosion and rested for 4
hours before being assayed for seizure behavior. Flies were transferred to an empty culture vial
in groups of 10-20 and subjected to seizure-inducing stimuli. For bang-sensitive mutants (Eag

1

Shaker ) flies were transferred to an empty vial in groups of 10-20 and vortexed for 15 seconds
120

at max speed using a vortex mixer (Fisher Scientific). For temperature-sensitive mutants flies
were transferred to preheated vials and submerged in a 38 C (NCKX ) water bath or 42 C water
o

zyd

o

bath (Sei ) for 1-2 minutes. After seizure induction, the number of seizing flies were recorded
TS1

every 10 seconds until all flies recovered. Seizure behaviors included shuddering, leg shaking,
spinning flight and contorted posture. A minimum of 50 flies were tested for each genotype and
condition.
34

Seizure Susceptibility Test.
Adult flies were collected within 24 hours post-eclosion and rested for 4 hours before being
assayed for seizure behavior. Flies were transferred to preheated vials and submerged in a 38 C
o

(NCKX ) water bath or 42 C water bath (Sei ). Following submersion, the number of seizing flies
zyd

o

TS1

(paralysis, shuddering, leg shaking, spinning flight and contorted posture) were recorded every
10 seconds. The time at which it took 50% of the flies to exhibit seizure behavior was used as a
measure of seizure susceptibility. A minimum of 40 flies were tested for each genotype and
condition.

Imaging and Analysis
For peripheral nerve morphology, larvae peripheral nerves were stained for α-HRP and imaged
using 20/0.60 NA and 40/1.15 NAoil immersion objectives on a Leica TCS SPE confocal
microscope, a Leica DFC7000 T camera, andthe LAS X software. We acquired images for all
genotypes and conditions in the same experiment inone sitting using identical laser power,
gain, and offset settings. Images shown are maximal Z-pro-jections of confocal stacks, except
for thin optical sections used to highlight glial swellings. Photo-shop CC (2.2, Adobe) and
Illustrator (15.0.0, Adobe) were used to minimally process the images in preparation for final
figures. Nerve swellings were quantified by identifying and scoring regions witha maximum
nerve width >15mm. The total number of nerve swellings was measured for each larvae and
subsequently averaged for each genotype and condition.
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For HDAC4 localization, larvae were stained for FLAG-tagged HDAC4 in glia and repo-labeled
glial nuclei. Glial nuclei were stained with mouse α-Repo antibody, HDAC4 was labeled with
rabbit α-FLAG, and nerves were labeled with 647a-HRP antibody. Their peripheral nerves were
imaged using 40/1.15 NA oil immersion objective on the confocal microscope and other
equipment mentioned above. Images were acquired under identical settings and shown as
maximal Z-projections of confocal stacks. Fluorescence intensity of FLAG-tagged HDAC4 was
analyzed using Image J (1.52 k, National Institute of Health). The method used to quantify
HDAC4 localization in glial nuclei and cytosol was described in a previous study. In brief, we
used the red channel (Repo) to generate a nuclear mask and applied this mask to the FLAG
channel to selectively measure HDAC4 levels in glial nuclei. To assess HDAC4 levels in glial
cytoplasm, FLAG signals in the ‘non-nuclei’ areas were also analyzed by subtracting the mask
from total area of the peripheral nerve. The nuclear:cytoplasmic ratio of HDAC4 intensity was
then calculated using these two measurements. A minimum of 4-5 independent peripheral
nerves per larvae was examined for each genotype and condition and normalized to the
control. The SEM of each larvae was plotted as an individual point. At least 6 larvae were used
for each genotype and condition.
Experimental Design and Statistical Analysis.
For immunocytochemistry, a minimum of 15 larvae were assessed for each genotype and
condition. For behavioral studies, a minimum of 40 flies were assessed per genotype. Male and
female flies were used in comparable numbers except for seizure mutants on the Xchromosome (NCKX & eag Shaker ), in which males were used. There are no statistical
zyd
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120

differences between the two groups.
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All data are shown as mean ± SEM. Data has passed the ’Agostino-Pearson and the
Shapiro-Wilk test for normality before being evaluated for statistical significance. Statistical
analyses were performed using Prism (7.02, GraphPad), including one-way ANOVA test with
Dunnett’s and Šídák’s multiple comparisons test. Results shown represent data pooled from at
least 3 independent experiments performed on larvae or adult flies derived from different
crosses. Researchers were blinded to genotype and treatment condition during all experiments
and data analyses.
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2.7 Figures and tables

Figure 1: Hyperexcitability influences glial K buffering program
+

(A) Representative images of larval peripheral nerves demonstrating the effects of seizure
mutants on HDAC4 localization in glia. Pan glial driver, Repo-Gal4, was used to express a FLAGtagged HDAC4 (green). Glial nuclei are stained with Repo (red). Scale bars 20µm. (B)
38

Quantification of nucleo:cytoplasmic ratio of HDAC4 for genotypes in (A). Data are represented
as fold changes relative to Repo>HDAC4. n≥6. Each data point represents one larvae in which 45 nerves were assessed. Statistical significance was determined by one-way ANOVA with
Dunnett’s multiple comparisons test; NS= not significant, ****, p<0.0001. Data are mean± SEM.
(C) Representative images of larval peripheral nerves stained for the nerve membrane marker
HRP. Repo-Gal4, a pan glial driver, was used to express LexA RNAi (Repo>) or HDAC4 RNAi in
both hyperexcitability mutants. (D) Quantification of nerve swellings for genotypes in (C). n≥15.
Statistical significance was determined by one-way ANOVA with Šídák’s multiple comparisons;
****, p<0.0001. HDAC4 knockdown suppressed nerve swellings compared to seizure mutants
expressing control transgene, UAS-LexA RNAi.
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Figure 2: Enhancing glial K buffering suppresses seizure behavior
+

(A) Time course of heat shock induced seizure behaviors. Pan glial driver, Repo-Gal4, was used
to express control transgene, UAS-LexA RNAi (Sei Repo>), or UAS-HDAC4 RNAi
(Sei Repo>HDAC4 RNAi). After seizure induction, the number of flies seizing were recorded
every 10 seconds and plotted as a percentage of seizing flies. n≥ 3 groups of 10-20 flies per
genotype per time point. (B) Time course of heat shock induced seizure behaviors. Pan glial
driver, Repo-Gal4, was used to express control transgene, UAS-LexA RNAi (NCKX Repo>), or
UAS-HDAC4 RNAi (NCKX ;Repo>HDAC4 RNAi). After seizure induction, the number of flies
seizing were recorded every 10 seconds and plotted as a percentage of seizing flies. n≥ 3 groups
of 10-20 flies per genotype per time point. (C) Time course of vortex-induced seizure behaviors.
Pan glial driver, Repo-Gal4, was used to express control transgene, UAS-LexA RNAi (Repo>
TS1

TS1
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Ube3A, LexA RNAi), or constitutively active Fray (Repo> Ube3A, Fray ). After seizure induction,
the number of flies seizing were recorded every 10 seconds and plotted as a percentage of
seizing flies. n≥ 3 groups of 10-20 flies per genotype per time point. (D) Quantification of area
under seizure curve for genotypes in (A-C). Statistical significance was determined by one-way
ANOVA with Sidak’s multiple comparisons test; ** p=0.0010, *** p=0.006, **** p<0.0001. Data
are mean ±SEM.
T206E
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Figure 3: Wnk signals through Fray to regulate glial potassium flux
(A) Representative Western blots stained for phosphorylated rat Ste20-related proline/alaninerich kinase (p-SPAK), total rat Ste20-related proline/alanine-rich kinase (t-SPAK), and β-actin.
The pan glial driver Repo-Gal4 was used to express kinase-dead rat SPAK (RnSPAK ) as a
substrate for endogenous Drosophila Wnk. Western blots were first probed for p-SPAK,
stripped, and re-probed for t-SPAK. (B) Quantification of the mean (±SEM) ratio of pSPAK/total
SPAK for genotypes in (A). Phosphorylation of SPAK decreased with Wnk knockdown
(Repo>RnSPAK ,Wnk RNAi) and increased when Wnk was overexpressed (Repo>RnSPAK ,
Wnk ). Data points represent biological replicates of separate lysate preps. Statistical
significance was determined by one-way ANOVA with Sidak’s multiple comparisons test. (C)
Representative images of larval peripheral nerves stained for membrane marker HRP. RepoGal4, a pan glial driver, was used to express a control transgene, UAS-LexA RNAi ( Repo>), UASWnk RNAi (Repo>Wnk RNAi), UAS-Fray RNAi (Repo>Fray RNAi), and co-expression of Wnk RNAi
and constitutively active Fray (Repo> Wnk RNAi, Fray ). Loss of Wnk and Fray in glia causes
nerve swellings (arrow). Swellings are suppressed by expressing constitutively active Fray. Scale
bars 20µM. (D) Quantification of nerve swellings for genotypes in (C). n≥ 20. Statistical
significance was determined by one Way ANOVA with Dunnett’s multiple comparisons; ****,
p<0.0001
D219A
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Figure 4: Activating Fray is sufficient to suppress seizure behavior
(A) Time course of heat shock induced seizure behaviors. The pan glial driver Repo-Gal4 was
used to express a control transgene, UAS-LexA RNAi (Sei ;Repo>), or constitutively active Fray
(Sei ;Repo>Fray ). After seizure induction, the number of flies seizing were recorded every 10
seconds and plotted as a percentage of seizing flies. n≥ 3 groups of 10-20 flies per genotype per
time point. (B) Time course of heat shock induced seizure behaviors. The pan glial drive RepoTS1

TS1
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Gal4 was used to express a control transgene, UAS-LexA RNAi (NCKX Repo>), or constitutively
active Fray (NCKX ;Repo>Fray ). After seizure induction, the number of flies seizing were
recorded every 10 seconds and plotted as a percentage of seizing flies. n≥ 3 groups of 10-20
flies per genotype per time point. (C) Time course of vortex-induced seizure behaviors. The pan
glial drive Repo-Gal4, was used to express a control transgene, UAS-LexA RNAi (Repo> Ube3A,
LexA RNAi), or UAS-HDAC4 RNAi (Repo> Ube3A, HDAC4 RNAi). After seizure induction, the
number of flies seizing were recorded every 10 seconds and plotted as a percentage of seizing
flies. n≥ 3 groups of 10-20 flies per genotype per time point. (D) Quantification of area under
the seizure curve for genotypes in (A-C). Statistical significance was determined by one-way
ANOVA with Sidak’s multiple comparisons test; **** p<0.0001. Data are mean ±SEM. (E) Time
course of heat-shock induced seizures following overexpression of a control transgene UAS-RFP
(Sei ;Repo>) or constitutively active Fray (Sei Repo>Fray ), with dotted line indicating 50%
level. Vials of 10-20 flies were submerged in 42 C and the number of seizing flies were recorded
every 10 seconds for 3 minutes. (F)Time course of heat-shock induced seizures following
overexpression of a control transgene UAS-RFP (NCKX ; Repo>) or constitutively active Fray
(NCKX ; Repo>Fray ), with dotted line indicating 50% level. Vials of 10-20 flies were
submerged in 38 C and the number of seizing flies were recorded every 10 seconds for 3
minutes. (G) Direct comparisons of time for 50% of flies to start seizing. Statistical significance
was determined by one-way ANOVA with Sidak’s multiple comparison’s test; **** p<0.0001.
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Figure 5: SIK3-HDAC4 signaling in Cortex glia is critical for seizure behavior
(A) Representative images of larval peripheral nerves showing HDAC localization in wrapping
glia (eag Shaker; Nrv2>HDAC4) and cortex glia (eag Shaker; Cortex>HDAC4) of eag Shaker
mutants. eag Shaker mutants induce nuclear shuttling of HDAC4 in both wrapping and cortex
glia (B) Time course of vortex-induced seizures in eag Shaker with HDAC4 knockdown in all glia
(eag Shaker; Repo>HDAC4 RNAi), wrapping glia (eag Shaker; Nrv2> HDAC4 RNAi), and cortex
glia (eag Shaker; Cortex> HDAC4 RNAi). UAS-LexA RNAi was used as a control transgene in each
glial subtype (eag Shaker; Repo> , eag Shaker; Nrv2>, & eag Shaker; Cortex>). After seizure
induction, the number of flies seizing were recorded every 10 seconds and plotted as a
percentage of seizing flies. n≥ 3 groups of 10-20 flies per genotype per time point. (C)
Quantification of area under the seizure curve for genotypes in (B). Statistical significance was
determined using one-way ANOVA with Sidak’s multiple comparisons test; NS= not significant,
**** p <0.0001.
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Chapter 3: Discussion and Future Directions
In this thesis, I show two pathways converge on a common downstream target to
regulate seizure susceptibility in molecularly distinct models of neuronal hyperactivity. In this
chapter, I will discuss my findings in the greater context of the field. I will also highlight the
future studies needed to translate these findings into treatments.

3.1 Promoting glial K+ buffering suppresses seizure behavior
In our previous studies, we discovered the SIK3 glial ionic buffering program is
inactivated in eag Shaker, a classic seizure mutant. We provided evidence for a model by which
the program is turned off by glia for self-protection, as re-activating this program induces glial
cell swelling and activates JNK, a central cell stress signaling pathway. However, turning off the
glial SIK3 program comes at the cost of exacerbating neuronal hyperexcitability. Indeed,
reactivation of the SIK3 glial ionic buffering program is sufficient to suppress seizure behavior
and dramatically extend lifespan in the eag Shaker mutant. In this thesis I investigated whether
this glioprotective inactivation of K buffering was a peculiarity of the eag Shaker mutant, or a
+

more general feature of hyperexcitability mutants. We identified one additional mutant that
inhibited the SIK3 K buffering program, a model of human Dup15q syndrome in which the
+

ubiquitin ligase Ube3A is overexpressed in glia. Consistent with our previous study, re-activating
the SIK3 K buffering program in this mutant was sufficient to suppress seizure behavior,
+

suggesting this might be a more general response. However, not all hyperexcitable mutants
inhibited the SIK3 K buffering program. For eag Shaker, the suppression involves an
+
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octopamine feedback circuit on to glia. We speculate that hyperexcitability within neurons of
this octopaminergic pathway may be required for suppression of the glial SIK3 pathway.
While we do not understand why some but not all hyperexcitability mutants engage in
glioprotective downregulation of K buffering, the identification of hyperexcitable mutants with
+

distinct glial buffering activity positioned us to ask whether boosting K buffering beyond basal
+

levels, even when the SIK3 pathway is not inhibited, could suppress seizure behavior. Indeed,
we found that activating ion buffering program in two seizure mutants that had not turned off
their glial SIK3 signaling pathways, SeiTS1 & NCKX , still dramatically suppresses seizure
zyd

behavior. Therefore, regardless of the initial status of the SIK3-HDAC4 glial K buffering
+

pathway, enhancing this pathway can still suppress seizure behaviors. We and others previously
demonstrated that a decrease in glial K buffering can promote seizure behaviors, and now we
+

show that an increase in glial K buffering above basal levels can suppress seizures. Modulation
+

of these mechanisms may be important for the pathogenesis and potentially treatment of
seizure disorders

3.2 Fray is a convergence node for distinct ion homeostasis regulatory
mechanisms
Fray was the first protein demonstrated to be required for glial ion homeostasis in
Drosophila, where it phosphorylates and activates the cation-chloride transporter Ncc69 to
promote proper ion and water buffering in peripheral nerves. In addition, we demonstrated
that Fray is one of the downstream genes activated by the SIK3-HDAC4-Mef2 glial
transcriptional pathway. Here we demonstrate that Wnk is also required for proper ion and
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water homeostasis in Drosophila glia, and that Wnk functions through Fray. Hence, both the
transcriptional SIK3 pathway and post-translational Wnk pathway converge on Fray to regulate
ion homeostasis. Moreover, we showed via transgenic overexpression of a constitutively active
Fray that this single protein, when active, is sufficient to promote glial ion and water
homeostasis and suppress neuronal excitability in a variety of seizure mutants. The
identification of Fray as a convergence node for these two pathways has interesting
implications for regulatory mechanisms controlling the balance between glial uptake of ions,
which can be neuroprotective but lead to glial swelling and damage, and glial cell volume
regulatory mechanisms that preserve glial health at the expense of extracellular ion
accumulation and increased neuronal excitability. We previously showed that with
hyperexcitability the monoamine octopamine signaled to glia to turn down the SIK3
transcriptional program and, presumably, decrease the expression of Fray. While such a
mechanism would be a powerful approach to reduce glial ion uptake, it is also expected to be
quite slow. With the identification of Wnk as a required activator of Fray, there is now the
likelihood of a second, faster mechanism to inhibit glial ion uptake. Wnk is a potassiumsensitive kinase—high levels of intracellular K inhibit Wnk activity, providing a direct
+

mechanism for excess K uptake to rapidly blunt glial ion uptake and protect the glia from
+

osmotic stress. Future studies will address whether hyperexcitability mutants inhibit Wnk
activity in glia and whether there may be additional cross talk between the SIK3 and Wnk
pathways.
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3.3 Cortex glia is a critical glial subtype for seizure susceptibility
Much like their mammalian counterparts, Drosophila glial cells have specialized functions
including phagocytosis, maintenance of the blood-brain barrier, neurotransmitter reuptake,
and ion homeostasis. In our previous work, we demonstrated that SIK3-HDAC4 K buffering
+

pathway was particularly critical in wrapping glia for suppressing extracellular edema in
peripheral nerves, and that the SIK3-HDAC4 K buffering program was turned off in peripheral
+

glia in the eag, Shaker mutant. However, we show here that enhancing the K buffering program
+

in wrapping glia failed to suppress seizures in the eag, Shaker mutant. We reasoned that
seizures start in the central nervous system and propagate to the periphery, and so there must
be a different glial subtype in the central nervous system contributing to seizure behavior. We
focused on cortex glia, which wrap neuronal cell bodies and can participate in K buffering, and
+

which we found also turns off the SIK3 K buffering program in eag, Shaker. As we predicted,
+

activation of the glial ion buffering program exclusively in cortex glia robustly suppressed
seizures in this mutant . The cortex glia are likely important for regulating excitability because
they control the extracellular ionic milieu around the site of action potential initiation. Taken
together these findings indicate that multiple glial subtypes contribute to ionic buffering
around distinct portions of the neuron, and our studies do not exclude the possibility that
additional glial subtypes may also contribute to ion homeostasis. Nonetheless, we suggest that
methods to selectively target mammalian astrocytes at the axon initial segment could be a
powerful approach for novel therapies to inhibit neuronal hyperexcitability.
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3.4 Future Directions
In this thesis, I highlight a pathway that regulates K+ buffering and seizure susceptibility
in distinct models of hyperexcitability. If I were to stay and continue working on this project,
there are a few new aims I would pursue. I’ve provided evidence that SIK3 and Wnk share a
common downstream target, Fray. Overexpression of a constitutively active Fray is sufficient to
suppress seizure behavior, suggesting Fray is the critical downstream target of both SIK3 and
Wnk. The first, big-picture question I would ask is if there is crosstalk between SIK3 and Wnk or
if they’re two, independent pathways. SIK3 regulates the transcription of Fray via the
translocation of HDAC4. Wnk directly regulates Fray via phosphorylation. I would like to use the
assays described in Chapter 2 to ask whether there is crosstalk between SIK3 and Wnk. By using
the Wnk reporter assay described in chapter two, I would knockdown SIK3 or overexpress wildtype or constitutively active SIK3 to ask whether SIK3 activity regulates the phosphorylation of
Fray. SIK3 is known to regulate the transcription of Fray, but it is unknown whether SIK3 directly
regulates the activity of Fray. If an increase in SIK3 activity leads to an increase in p-SPAK, that
would suggest SIK3 activity regulates the activity of Fray. It could phosphorylate SPAK directly
or indirectly via Wnk or another unknown kinase. Similarly, we could ask whether Wnk
influences the phosphorylation of HDAC4. We know Wnk regulates the phosphorylation of
SPAK, but it is not known whether it regulates the transcription of SPAK. By knocking down or
overexpressing Wnk while simultaneously tracking the movement of HDAC4, we could
determine whether Wnk regulates the translocation of HDAC4. If knockdown of Wnk leads to
the nuclear shuttling of HDAC4, that would hint at the possibility of Wnk regulating the
transcription of SPAK. These studies would have to be accompanied by qPCR experiments
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directly assessing whether gain of function or loss of function manipulations in Wnk regulates
the transcription of SPAK. Together these experiments would illuminate whether SIK3 and Wnk
function together to regulate K+ buffering or if they represent two independent ways to
regulate K+ buffering.
In Chapter two, I hypothesized hyperexcitability inactivated the glial K+ buffering
program by inhibiting SIK3. We identified one mutant that inhibited SIK3-medidated K+
buffering. However, it’s possible that hyperexcitability mutants can inhibit glial K+ buffering via
inhibiting Wnk. Wnk are potassium-sensitive kinases--high levels of K+ inhibits Wnk activity. It’s
possible that neuronal hyperactivity leads to an excess K+ in the extracellular space that can
enter the cell and inhibit Wnk, inactivating glial K+ buffering. To test this, we could use the
SPAK reporter assay described in Chapter 2 to assess what effects the various neuronal
hyperexcitability mutants have on the phosphorylation of SPAK. If neuronal hyperexcitability
inhibits Wnk, we would expect to see a decrease in the phosphorylation of SPAK. Such
experiments would highlight the various ways glia sense and respond to K+ stress.
It would also be nice to test whether these pathways function similarly in mammalian
systems. Mice express SIK3, Wnk and many of the same channels and transporters we discuss
in the above chapters. When we treated astrocytes with a high K+ media, we observed a
marked decrease in p-SPAK. These preliminary experiments suggest Wnk are potassium
sensitive. Next steps would include using K+ indicators to show how loss or gain of function
mutations in SPAK impact K+ buffering. I hypothesize Wnk activity regulates K+ buffering in
astrocytes. If so, overexpressing a constitutively active SPAK would lead to an increase in
fluorescence.
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Ultimately, I would like to test the functional significance of this pathway in various
mouse models of epilepsy and or seizure disorders. In Drosophila we show overexpressing a
constitutively active SPAK is sufficient to suppress seizure behavior. If this pathway functions
similarly in mammals, we would expect to suppress some of the seizure phenotypes in mouse
models of epilepsy. If so, this would pave the way for generating a glial-centric therapy for
epilepsy.

3.5 Summary
This thesis work contributes to our understanding of how glial K+ buffering conferes
seizure susceptibility. K+ homeostasis is critical for maintaining healthy levels of neuronal
activity. In Drosophila glia, SIK3-HDAC4 signaling regulates a gene expression program that
controls K+ buffering. In eag Shaker, a classic model of hyperexcitability, enhancing glia’s
capacity to buffer K+ is sufficient to suppress seizure behavior. Here we demonstrate that
boosting glial K+ buffering can suppress seizures in three additional hyperexcitable mutants,
highlighting the therapeutic potential of enhancing glial K+ buffering. We show Fray, a
transcriptional target of SIK3-HDAC4 signaling, is a substrate for the kinase Wnk in glia, and that
Wnk-dependent regulation of Fray is required for proper K+ buffering. We bypass both this
transcriptional and post-translational regulation of Fra y by expressing a constitutively active
transgene of Fray and demonstrate that this is sufficient to suppress seizure behavior in all
three mutants. Finally, we identify cortex glia as a key cell type in which boosting K+ buffering
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can suppress seizures. These findings demonstrate that SIK3 and Wnk converge on Fray to
regulate K+ buffering and seizure susceptibility.
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